INTRODUCTION
Apoptosis is an evolutionarily conserved mechanism of cell suicide that has a crucial role in various biological events, including development, the maintenance of homeostasis and the removal of obsolete cells. Apoptotic signals are activated by various stimuli and converge towards a common death pathway, in which proteins in the Bcl-2 family act as regulators, and proteases in the caspase family act as signal transducers [1] [2] [3] . Recent evidence has shown that mitochondria have a crucial role in apoptosis by releasing apoptotic factors such as cytochrome c (cyt. c) and apoptosis-inducing factor from the intermembrane space into the cytoplasm. The released cyt. c activates caspase 9 in concert with the cytosolic factors ATP and Apaf-1, and, as a result, caspase 3 is activated [4] . Apoptosis-inducing factor has also been reported to induce apoptotic changes in the nucleus [5] . The anti-apoptotic proteins Bcl-2 and Bcl-xL, which are localized predominantly in mitochondrial outer membranes, inhibit the release of cyt. c from mitochondria [1] . Although cyt. c normally shuttles electrons between complex III (cytochrome c reductase) and complex IV (cytochrome c oxidase) of the respiratory chain, cyt. c released from mitochondria is an important proapoptotic signal [2, 3] in the mitochondrial death pathway.
Mitochondria are a major physiological source of reactive oxygen species (ROS), which are generated during mitochondrial Abbreviations used : AAPH, 2,2h-azobis-(2-amidinopropane)dihydrochloride ; Ac-DEVD-MCA, acetyl-DEVD-4-methyl-coumaryl-7-amide ; ANT, adenine nucleotide translocator ; CL, cardiolipin ; cyt. c, cytochrome c ; cGPx, classical glutathione peroxidase ; DCF, 2h,7h-dichlorofluorescein ; DEM, diethyl malate ; 2DG, 2-deoxyglucose ; NAO, 10-N-nonyl Acridine Orange ; PC, phosphatidylcholine ; PHGPx, phospholipid hydroperoxide glutathione peroxidase ; PT, permeability transition ; ROS, reactive oxygen species ; SOD, superoxide dismutase ; t-BHP, t-butylhydroperoxide ; TNF-α, tumour necrosis factor α. 1 To whom correspondence should be addressed (e-mail nakagaway!pharm.kitasato-u.ac.jp).
apoptosis by 2DG. However, no decrease in fluorescence was observed in PHGPx-overexpressing cells. Cyt. c was released from mitochondria that had been isolated from control cells on peroxidation by t-butylhydroperoxide, but no similar liberation of cyt. c from mitochondria isolated from mitochondrial PHGPxoverexpressing cells was observed. These findings suggest that the generation of CL-OOH in mitochondria might be a primary event that triggers the release of cyt. c from mitochondria in the apoptotic process in which mitochondrial PHGPx participates as an anti-apoptotic factor by preventing the formation of CL-OOH.
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respiration. ROS that are generated in excess in mitochondria act as mediators of the apoptotic signalling pathway. The production of ROS, induced by tumour necrosis factor α (TNF-α), ceramide, staurosporine and hypoglycaemia, in mitochondria has been proposed as an early event in the induction of apoptosis [6] [7] [8] [9] . The production of ROS in mitochondria is regulated by a number of antioxidant enzymes within the mitochondria ; these enzymes include phospholipid hydroperoxide glutathione peroxidase (PHGPx), classical glutathione peroxidase (cGPx) and Mn-superoxide dismutase (Mn-SOD). Moreover, the overexpression of Mn-SOD completely suppresses TNF-α-induced and amyloid-β-peptide-induced apoptosis in MCF-7 cells and PC6 cells respectively [10, 11] . Such evidence suggests that mitochondrion-derived ROS might be involved in the induction of apoptotic death ; those antioxidant enzymes in mitochondria might participate in apoptosis and might contribute to the modulation of apoptotic signals. However, details of the mechanism responsible for the liberation of cyt. c from mitochondria in the induction of apoptosis remain to be clarified. Cyt. c associates strongly with cardiolipin (CL), a mitochondrion-specific phospholipid [12] . CL, which is located exclusively in the inner membrane of mitochondria, has a pivotal role as the boundary lipid of various proteins, such as NADH :ubiquinone oxidoreductase, cyt. c oxidase and cyt. c, in the inner membrane of mitochondria [13, 14] . ROS in the mitochondria might be expected to induce the peroxidation of CL because CL in mitochondria contains significant quantities of highly unsaturated fatty acids. However, there is little evidence that the peroxidation of CL might be linked to the release of cyt. c in an apoptotic death signalling pathway.
The enzyme PHGPx is a unique intracellular antioxidant enzyme that directly reduces peroxidized lipids that have been produced in cell membranes [15] . PHGPx exists as a mitochondrial and a non-mitochondrial enzyme [16, 17] . We conducted a series of experiments to clarify the role of the two types of PHGPx in mammalian cells [18] [19] [20] . Furthermore, we demonstrated recently [9] that mitochondrial PHGPx suppresses apoptotic cell death that occurs via the mitochondrial death pathway activated by 2-deoxyglucose (2DG) (an inducer of hypoglycaemia), deprivation of glucose, etoposide, staurosporine, UV irradiation, actinomycin D or cycloheximide, but it is unable to prevent Fas-mediated apoptosis. Non-mitochondrial PHGPx suppresses neither Fas-mediated apoptosis nor mitochondrial apoptosis. It seems possible that lipid hydroperoxide, produced in mitochondria, might have a crucial role in the liberation of cyt. c from mitochondria.
In the present study we found that peroxidation of CL in the mitochondria resulted in the dissociation of cyt. c from mitochondrial inner membranes, the initial step in the release of cyt. c from mitochondria. Overexpression of mitochondrial PHGPx suppressed the generation of cardiolipin hydroperoxide (CL-OOH) and the release of cyt. c from mitochondrial inner membranes of 2DG-treated cells and prevented apoptotic cell death. Mitochondrial PHGPx is important in inhibiting the release of the cyt. c from mitochondrial inner membranes by suppressing the peroxidation of CL and by reducing CL-OOH generated during apoptosis.
MATERIALS AND METHODS

Reagents
Hen 's-egg phosphatidylcholine (PC), phosphatidylethanolamine from Escherichia coli, bovine brain phosphatidylserine, pig liver phosphatidylinositol, hen 's-egg-yolk phosphatidylglycerol, hen 's-egg lecithin phosphatidic acid and bovine brain sphingomyelin were purchased from Sigma. Bovine heart CL was purchased from Funakoshi Co. (Tokyo, Japan) ; cyt. c from horse heart and 2,2h-azobis-(2-amidinopropane)dihydrochloride (AAPH) were purchased from Sigma. Acetyl-DEVD-4-methylcoumaryl-7-amide (Ac-DEVD-MCA), a substrate for caspase 3, was obtained from the Peptide Institute (Osaka, Japan).
Cell culture
We used our previously established lines of RBL2H3 cells that stably overexpressed mitochondrial PHGPx (M15 cells) and the corresponding control cells (S1 cells), which had been transfected with the expression vector without inserts [18] . Apoptosis in response to hypoglycaemia was induced by incubating cells with 100 mM 2DG in DMEM (Dulbecco 's modified Eagle 's medium) containing 5 % (v\v) fetal calf serum, as described previously [9] . Levels of intracellular hydroperoxides were monitored by measuring changes in fluorescence of 2h,7h-dichlorofluorescein (DCF) that resulted from the oxidation of the corresponding intracellular probe (DCFH ; Molecular Probes, Leiden, The Netherlands), as described previously [19] . Cells were plated at 10& cells per well in 12-well plates and washed three times with PBS, then incubated in DMEM containing DCFH-diacetate (2 µg\ml). For the induction of apoptosis, 2DG was added to a final concentration of 100 mM in a final total volume of 1 ml.
Fluorescence was monitored with a CytoFluor plate reader (model 4000 ; PerSeptive Biosystems, Framingham, MA, U.S.A.) at the indicated times. To assess the activity of caspase 3, cells were washed twice with PBS and incubated in 400 µl of PBS with 10 µg\ml digitonin at 37 mC for 5 min. Lysates were collected and centrifuged at 13 000 g for 20 min. Supernatants were diluted with 400 µl of reaction buffer [1 mM dithiothreitol\2 mM EDTA\ 0.1 % CHAPS\1 mM PMSF\10 µg\ml pepstatin\10 µg\ml leupeptin\10 mM Tris\HCl buffer (pH 7.4)] and incubated for 30 min at 37 mC with 50 µmol of Ac-DEVD-MCA, as the substrate for caspase 3. Fluorescence of 7-amino-4-methylcoumarin that had been cleaved from Ac-DEVD-MCA by caspase 3 was measured with the CytoFluor system with excitation at 380 nm and emission at 460 nm. For analysis of the release of cyt. c from mitochondria into the cytosol, proteins in supernatants from digitonin-treated cells were precipitated by the addition of trichloroacetic acid and separated by SDS\PAGE, as described in [9] . Bands of proteins were transferred to a PVDF membrane (Millipore Corp., Bedford, MA, U.S.A.), as described previously [19] . Cyt. c was detected with an enhanced chemiluminescence Western blotting analysis system (Amersham, Little Chalfont, Bucks., U.K.) with cyt. c-specific antibodies (PharMingen, San Diego, CA, U.S.A.). In one series of experiments, cells were incubated for 2 h with 1 mM diethyl malate (DEM) to deplete glutathione before exposure to 2DG ; they were then incubated for 4 h with 100 mM 2DG.
Cytochemical staining
Apoptotic cell death was evaluated by fluorescence microscopy after staining with Hoechst 33258 (Wako Pure Chemical Co., Osaka, Japan). Cells were collected, washed twice with PBS [137 mM NaCl\8.1 mM Na # HPO % \2.68 mM KCl\1.47 mM KH # PO % (pH 7.4)] and fixed for 20 min in 3.6 % (w\v) paraformaldehyde in PBS. After being washed with PBS, cells were stained with 1.6 µM Hoechst 33258 for 10 min. After three washes with PBS, the samples were treated with Aqua-Poly\ Mount (Polysciences, Warrington, PA, U.S.A.) before being mounted. Samples were observed with a fluorescence microscope (Nikon, Tokyo, Japan) equipped with a 100i objective, with excitation at 360 nm. To assess levels of peroxidation of intracellular CL, cells were incubated with DMEM containing 100 mM 2DG for 1-6 h, washed and then incubated for 20 min at room temperature with 5 µM 10-N-nonyl Acridine Orange (NAO) (Molecular Probes), a probe for mitochondrial membrane CL. After being washed with PBS, the cells were observed under the fluorescence microscope with an FITC filter.
Preparation of CL-OOH and hydroxycardiolipin (CL-OH)
Bovine heart CL was autoxidized overnight in thin films at 37 mC. CL-OOH was separated and purified by normal-phase HPLC with UV detection, as described previously [21] . In brief, oxidized CL, redissolved in a mixture of ethanol and hexane (1 : 4, v\v), was injected into an HPLC system (model 10A ; Shimadzu, Japan) with a silica-gel column (LiChrosorb Si60 ; Merck, Darmstadt, Germany) at a flow rate of 2 ml\min. nitrogen and redissolved in chloroform. Total hydroperoxide was quantified by the methylcarbamoylmethylene method [22] with PC hydroperoxide that had been prepared previously as a standard. Lipid phosphorus was estimated as described previously [23] . CL-OH was prepared by reducing purified CL-OOH with NaBH % .
Separation of mitochondrial phospholipids and detection of CL-OOH
Mitochondria were isolated from M15 cells and S1 cells as described previously [18] . In brief, 5i10( cells were scraped from plates and resuspended in 2 ml of buffer A [0.25 M sucrose\ 1 mM EDTA\3 mM imidazole\0.1 % (v\v) ethanol (pH 7.2)\ 10 µg\ml leupeptin\10 µg\ml antipain\10 µg\ml chymostatin\10 µg\ml pepstatin\1 µg\ml PMSF]. The cells were then lysed mechanically at 4 mC in a Teflon\glass Potter-Elvehjem homogenizer, with 35 strokes. Lysates were centrifuged for 10 min at 750 g ; each supernatant was centrifuged at 10 000 g to recover the mitochondrial fraction. Total lipids were extracted from mitochondria that had been isolated from 2DG-treated or untreated RBL2H3 cells as described by Bligh and Dyer [24] . For the separation and detection of phospholipid hydroperoxides, an aliquot of total lipids was injected into an HPLC system (model 10A ; Shimadzu) fitted with two sets of a silica-gel column (LiChrosorb Si60 ; Merck) and an aminopropyl column (Microbonsphere ; Waters, Milford, MA, U.S.A.) as described elsewhere [25] , with slight modifications. The mobile phase was a mixture of methanol, butan-2-ol and 40 mM NaH # PO % (6:3:1, v\v) ; the flow rate was 0.35 ml\min. The elution of phospholipids was monitored at 205 nm with the UV detector (SPD-10A). After passage though the UV detector, the eluate was mixed with a chemiluminescence reagent consisting of 10 mg of cyt. 
Binding of cyt. c and NAO to CL
Binding of cyt. c and NAO to CL was examined as described elsewhere [26] , with slight modifications. In brief, the wells of microtitre plates (Immulon 1 ; Dynatech Laboratories, Alexandria, VA, U.S.A.) were coated by evaporation at 37 mC .0 µmol of CL or oxidized CL was left to swell in 1 ml of PBS and sonicated for 10 min. The CL-OOH in liposomes was reduced by incubation with PHGPx purified from rat testis mitochondria [27] , or with cGPx purified from bovine erythrocytes (Sigma), for 15 min at 37 mC in 0.1 M Tris\HCl, pH 7.4, with 0.5 mM glutathione and 5 mM EDTA. Then a solution of 6.25 µg\ml cyt. c and various quantities of liposomes were incubated for 2 h at 37 mC in microtitre wells that had been coated with CL. The binding of cyt. c to CL in the wells was detected with cyt. c-specific antibodies as described above.
Release of cyt. c from isolated mitochondria
Mitochondria were isolated from S1 and M15 cells as described above. The isolated mitochondria were suspended at 0.5 mg\ml protein in 0.25 M sucrose\1 mM EDTA\3 mM imidazole\0.1 % (v\v) ethanol (pH 7.2). The release of cyt. c was monitored after the addition of indicated doses of t-butylhydroperoxide (t-BHP). After incubation for 30 min at 37 mC, mitochondria were centrifuged at 10 000 g to recover supernatants containing released cyt. c. Aliquots of the supernatants were subjected to Western blotting with cyt. c-specific antibodies.
RESULTS
Interactions of cyt. c with CL and its peroxide
The binding of cyt. c to phospholipids was examined in itro with an ELISA and monolayers of several standard phospholipids (Figure 1 ). Cyt. c associated preferentially with monolayers of acidic phospholipids such as CL, phosphatidylserine and phosphatidylglycerol ( Figure 1A) . Autoxidation of the dried monolayers of phospholipids was achieved by incubation at 37 mC for the indicated durations. The binding of cyt. c to CL monolayers was markedly decreased after autoxidation of CL ; however, autoxidation had no effect on the binding of cyt. c to monolayers of the other phospholipids tested.
The binding of cyt. c to CL, CL-OOH and CL-OH was monitored with monolayers of the corresponding compounds ( Figure 1B) . The amount of cyt. c that bound to CL monolayers increased with the amount of added cyt. c. Although the extent of binding of cyt. c to monolayers of CL-OOH was much lower than that to monolayers of non-oxidized CL, cyt. c did bind to monolayers of CL-OH, which is a reduced form of CL-OOH, to the same extent that it bound to monolayers of CL. The oxidation state of haem, and thus the oxidation state of cyt. c, did not affect the binding of cyt. c to monolayers of oxidized CL (results not shown). These results suggested that the generation of CL-OOH, but not of CL-OH, induced the dissociation of cyt. c from lipid monolayers.
Binding of NAO to monolayers of CL
NAO is a fluorescent probe that binds specifically to CL. NAO associated selectively with monolayer of CL but not of other kinds of phospholipid (Figure 2A ). The binding of NAO to CL was decreased by autoxidation ( Figure 2B ). NAO was unable to bind to monolayers of CL-OOH but it did bind to those of Figure 2C ). These results suggest that NAO and cyt. c bind similarly to CL.
CL-OH (
Binding of cyt. c to liposomes containing CL and oxidized CL
The ability of liposomes containing CL, CL-OOH or CL-OH to bind cyt. c was examined in a competitive binding assay in which cyt. c and liposomes were added simultaneously to wells coated with a monolayer of CL (Figure 3 ). The binding of cyt. c to liposomes was estimated from the competitive inhibition of binding of cyt. c to the CL monolayer after the addition of an excess of liposomes containing CL or a derivative. The amount of cyt. c that bound to monolayers of CL was smaller when the amounts of liposomes prepared with CL or CL-OH were increased, indicating that cyt. c associated with these liposomes.
Figure 5 Production of CL-OOH in mitochondria isolated from S1 and M15 cells exposed to 2DG
(A) S1 and M15 cells were treated with 100 mM 2DG for 4 h. Total lipids were extracted from mitochondria that had been isolated from cells exposed to 2DG for 4 h ; mitochondrial lipids were fractionated by HPLC as described in the Materials and methods section. The elution of phospholipids was monitored at 205 nm. (B, C, D) Phospholipid hydroperoxides were detected with a chemiluminescence detector. Profiles of elution of mitochondrial phospholipid hydroperoxides from untreated S1 cells (B), 2DG-treated S1 cells (C) and 2DG-treated M15 cells (D) are shown.
However, cyt. c did not associate with PC liposomes or with liposomes containing CL-OOH. The amount of cyt. c bound to monolayers did not change on the addition of an excess of these liposomes ( Figure 3A) . The binding of cyt. c to liposomes containing CL-OOH occurred after CL-OOH in the liposomes had been reduced enzymically by PHGPx, which is able to reduce phospholipid hydroperoxides directly ( Figure 3B ). No binding of
Figure 6 The binding of cyt. c and NAO to mitochondrial CL in mitochondria isolated from S1 cells and M15 cells exposed to 2DG
Binding of cyt. c (A and B) and NAO (C and D) to mitochondrial CL from S1 cells (A and C) and M15 cells (B and D).
Fractions of mitochondrial lipids were prepared by HPLC from 2DG-treated cells (#) and untreated cells ($) as described in the Materials and methods section. Lipid fractions were used to coat microtitre wells. The wells were incubated with cyt. c and with NAO to estimate the binding ability of the mitochondrial lipids. Bound cyt. c was detected with cyt. c-specific antibodies. The fluorescence of bound NAO was monitored with a CytoFluor plate reader.
cyt. c to CL-OOH liposomes was observed after treatment with cGPx, which is unable to reduce lipid peroxides in membranes.
Peroxidation with the radical initiator AAPH initiated the liberation of cyt. c from liposomes containing CL. Liposomes composed of PC and CL in equimolar amounts were incubated with cyt. c for 1 h at 37 mC. Liposomes with bound cyt. c were then pelleted by centrifugation at 100 000 g to separate them from free cyt. c. The liposomes obtained were peroxidized by treatment with 10 mM AAPH for 30 min and then centrifuged to yield a pellet of liposomes. Cyt. c appeared in the supernatant by Western blotting with cyt. c-specific antibodies (results not shown).
Induction of apoptosis of RBL2H3 cells by hypoglycaemia
Two indicators of apoptosis, nuclear condensation and the formation during electrophoresis of a DNA ladder, were recognized when RBL2H3 cells (S1 cells) were examined 14 h after the addition of 2DG (results not shown). The level of hydroperoxides was significantly elevated after exposure of the cells to 2DG for 2 h (Figure 4 ). The release of cyt. c from mitochondria was detected after 4 h ; caspase 3 was activated within 6 h The overexpression of PHGPx in the mitochondria of transformed RBL2H3 cells (M15 cells) prevented the generation of hydroperoxide, the release of cyt. c and the activation of caspase 3 ( Figure 4) . These results indicate that the generation of hydroperoxide occurred before the liberation of cyt. c from mitochondria.
Generation of CL-OOH in the mitochondria of RBL2H3 cells in which apoptosis has been induced by hypoglycaemia
The generation of CL-OOH was monitored in mitochondria isolated from S1 cells and M15 cells after the exposure of cells to 2DG for 4 h Total lipids were extracted from isolated mitochondria and separated by reverse-phase HPLC. Hydroperoxides of phospholipids were detected with a chemiluminescence detector as described in the Materials and methods section ( Figure  5 ). No hydroperoxides of phospholipids were found in mitochondria of untreated S1 cells ( Figure 5B ), whereas an apparent peak of hydroperoxide was observed in the CL fraction of mitochondrial lipids prepared from S1 cells that had been treated with 2DG ( Figure 5C ). The formation of CL-OOH in mitochondria was effectively suppressed in 2DG-treated M15 cells in which the mitochondrial PHGPx was overexpressed ( Figure 5D ).
Binding of cyt. c and NAO to the phospholipids of mitochondria from S1 and M15 cells
The binding of cyt. c to mitochondrial phospholipids was examined in a monolayer assay accordingly to the method shown in Figure 1 (see Figure 6 ). Monolayers of each class of phospholipid obtained by fractionation by HPLC of mitochondrial lipids were prepared and the amount of cyt. c that bound to each
Figure 7 Effects of DEM on the production of CL-OOH in mitochondria and the binding of cyt. c to mitochondrial CL of M15 cells exposed to 2DG
M15 cells were incubated with 1 mM DEM for 1 h and were then not exposed (A) or exposed (B) to 2DG. Total lipids from isolated mitochondria were fractionated by HPLC and phospholipid hydroperoxides were detected with a chemiluminescence detector as described in the Materials and methods section. A peak of CL-OOH was generated from mitochondria isolated from DEM-treated M15 cells that had been exposed to 2DG. (C) Binding of cyt. c to mitochondrial CL from M15 cells exposed to 2DG. M15 cells were treated with 2 mM DEM for 1 h and were then exposed or not to 2DG for 4 h. The experiment was performed essentially as described in the legend to Figure 6 . The binding of cyt. c to mitochondrial CL (averages for fraction numbers 28 and 29 in Figures 7A and 7B ) is shown. (D) Morphology of M15 cells treated with 2DG. M15 cells were incubated with or without 2 mM DEM and then exposed to 2DG for 16 h. Apoptotic cell death was evaluated by fluorescence microscopy after staining with Hoechst 33258. Scale bar, 10 µm. monolayer was measured by ELISA. Cyt. c associated preferentially with the CL fraction. The extent of binding of cyt. c to the CL fraction from S1 cells that had been treated with 2DG was significantly lower than that of untreated S1 cells ( Figure 6A ). In contrast, the extent of binding of cyt. c to CL monolayers prepared from M15 cells was similar irrespective of the treatment of cells with or without 2DG, indicating that prevention of the generation of CL-OOH prevented the decrease in binding of cyt. c to mitochondrial CL monolayers ( Figure 6B ).
The extent of binding of NAO to monolayers of the CL fraction from 2DG-treated S1 cells was significantly lower than that to monolayers of the CL fraction from untreated S1 cells ( Figure 6C) . However, the amount of NAO bound to CL monolayers from M15 cells was the same irrespective of treatment with or without 2DG ( Figure 6D ).
Effects of DEM on the peroxidation of CL and the binding of cyt. c to CL in M15 cells
It remained to be determined whether or not the prevention of both the peroxidation of CL and the decrease in the extent of binding of cyt. c to mitochondrial CL was actually a direct result of the overexpression of mitochondrial PHGPx. We therefore studied the production of CL-OOH, the binding of cyt. c to mitochondrial CL and apoptosis in M15 cells that had been treated with DEM, which inhibits the activity of PHGPx by decreasing the intracellular level of glutathione ( Figure 7 ). M15 cells were resistant to apoptosis and lost their resistance to 2DG-induced apoptosis after prior treatment with 2 mM DEM ( Figure  7D ). DEM did not cause any generation of CL-OOH in the mitochondria of M15 cells in the absence of treatment with 2DG ( Figure 7A ). CL-OOH in mitochondria was produced in M15 cells that had been rendered sensitive to apoptosis by the inhibition of PHGPx activity by DEM ( Figure 7B ). The binding of cyt. c to CL monolayers prepared from M15 cells exposed to 2DG was significantly lower when the PHGPx activity in M15 cells had been inhibited by prior treatment with DEM ( Figure  7C ). These results indicate that the overexpression of mitochondrial PHGPx did indeed prevent the peroxidation of CL and the dissociation of cyt. c from CL in M15 cells exposed to 2DG.
Staining of intracellular CL with NAO in S1 cells and M15 cells exposed to 2DG
NAO has been used as a fluorescent probe to label intracellular CL in mammalian cells [28] . We monitored the production of CL-OOH in mitochondria of cells that were undergoing apoptosis
Figure 8 Staining with NAO, a CL-specific dye, of S1 cells and M15 cells exposed to 2DG
Control RBL2H3 cells (S1 cells) and cells overexpressing mitochondrial PHGPx (M15 cells) were treated with 100 mM 2DG. Intracellular CL was monitored by fluorescence microscopy after the incubation of cells with 2DG for the indicated durations and staining with NAO. Scale bar, 10 µm.
Figure 9 Prevention of the t-BHP-induced release of cyt. c from isolated mitochondria by mitochondrial PHGPx
Mitochondria (0.5 mg/ml), isolated from M15 cells and S1 cells, were incubated with the indicated concentrations of t-BHP or 2DG for 30 min. After incubation, samples were centrifuged and amounts of released cyt. c in supernatants were determined by Western blotting with cyt. c-specific antibodies. Abbreviation : Mt, mitochondrial fraction.
by labelling intracellular CL with NAO ( Figure 8) . Mitochondria, the exclusive site of CL in cells, can potentially be labelled with NAO and observed as yellow particles under the fluorescence microscope. Although we observed many mitochondria in this way in S1 and M15 cells before treatment with 2DG, the extent of staining of S1 cells with NAO was decreased at the early stages of apoptosis (the first 2 h) when cells were exposed to 2DG. In contrast, no significant change in the extent of staining with NAO was observed in M15 cells. The decrease in fluorescence of NAO in S1 cells probably resulted from the peroxidation of mitochondrial CL as a consequence of hypoglycaemia, because CL-OOH is unable to bind NAO (Figure 2 ). The overexpression of mitochondrial PHGPx prevented the decrease in staining of mitochondria with NAO by preventing the peroxidation of CL in mitochondria.
Liberation of cyt. c from isolated mitochondria in response to t-BHP
We examined the release of cyt. c from isolated mitochondria in response to the peroxidation of lipids ( Figure 9 ). Treatment with t-BHP resulted in the dose-dependent liberation of cyt. c from mitochondria isolated from S1 cells ; however, no similar liberation of cyt. c from mitochondria isolated from S1 cells was observed after treatment with 2DG. No release of cyt. c in response to t-BHP was induced in mitochondria isolated from M15 cells, irrespective of treatment with t-BHP or 2DG.
DISCUSSION
The binding of various proteins to phospholipids has been studied by ELISA and liposome inhibition assay [23, 26, 29] . We used the assay to examine the interaction between cyt. c and CL. Cyt. c binds preferentially to monolayers of acidic phospholipids such as phosphatidylserine, phosphatidylinositol and CL. The preferential association of cyt. c with CL seems to be physiologically important because cyt. c bound to mitochondrial CLmediated electron transfer in complexes III and IV, which are located on the inner membranes of mitochondria [13] . The binding of phospholipids to cyt. c has been studied extensively by NMR and ESR spectroscopy [30] [31] [32] . A conformational change in cyt. c occurs when the protein associates with anions at the surface of phospholipid bilayers [31] . The changes in conformation of cyt. c might be necessary for interaction with lipids and also for opening of the haem cavity of the protein.
Rytomaa and Kinnunen [33, 34] proposed that negatively charged polar head groups of phospholipids interact with Lys-72 and Lys-73 by hydrogen-bonding or with Asn-52 via electrostatic interactions at the site of the opening of the cavity. The acyl moiety of the phospholipid becomes inserted into the hydrophobic cavity and the rest of the acyl chain is embedded in the membrane. The structure of acidic phospholipids, consisting of acyl chains and acidic polar groups, is essential for the interaction with cyt. c. These results suggest that appropriate structures of cyt. c and CL in bilayers are necessary for the association of cyt. c with acidic phospholipids. In the present study we demonstrated that cyt. c failed to associate with peroxidized CL in monolayers and liposomes. Cyt. c, bound to liposomes containing CL, was released by peroxidation by a radical initiator. Shidoji et al. [32] recently demonstrated the loss of molecular interaction between cyt. c and CL-OOH by NMR spectroscopy. The reason for the disruption of the interaction between cyt. c and biomembranes that contain CL-OOH is unclear. However, interaction of the fatty acid of CL with the hydrophobic region of cyt. c might be disturbed by the peroxidation of the acyl chain of CL because the unmodified acyl chain might extend into the hydrophobic cavity of the protein to anchor the protein to the membrane [33] . Alternatively, it is possible that the failure of CL-OOH to bind cyt. c might be due to a change in the conformation of cyt. c after lipid peroxidation because reduced CL-OOH (CL-OH) is able to associate with cyt. c. Jemmerson et al. [35] recently demonstrated a conformational change in cyt. c in apoptotic and necrotic T hybridoma cells by using cyt. c-specific monoclonal antibodies that recognized the conformation of cyt. c in a non-native form. These results suggest that a change in the conformation of cyt. c might affect the electrostatic states of various sites, including acyl chains and acidic polar head groups, in apoptotic cells.
We detected CL-OOH in mitochondria isolated from cells that were undergoing apoptosis in response to 2DG. We also observed the generation of CL-OOH at the cellular level by using NAO. Gallet et al. [36] used the high-affinity binding of NAO to CL to develop a method for the quantification of intracellular CL. NAO has also been used to provide an index of changes in mitochondrial mass in apoptotic cells. Decreased staining with NAO has been observed in cells induced to undergo apoptosis by exposure to NO [37] , methyl mercury [38] , p53 [39] , X-irradiation [40] and C "' -ceramide [41] . In the studies cited, decreases in the fluorescence of NAO in cells reflected the degradation of CL in mitochondria. The fluorescence of NAO also declined rapidly in cells that were undergoing apoptosis after exposure to 2DG for 2 h. Decreases in the fluorescence of NAO in cells were not due to the degradation of mitochondrial CL during 2DG-induced apoptosis because we found no significant decreases in levels of CL in mitochondria in apoptotic cells (results not shown). It has been reported that NAO binds to CL whatever its fatty acid composition. However, we found that NAO, as well as cyt. c, lost its affinity for CL with a fatty acid hydroperoxide. The production of ROS was observed to occur with decreases in the fluorescence of NAO during apoptosis caused by NO, X-irradiation and p53. Taken together, these results indicate that decreases in the fluorescence of NAO in apoptotic cells do not reflect the degradation of CL in mitochondria but, rather, they reflect the peroxidation of CL. The time courses of binding loss of NAO and cyt. c to autoxidized CL monolayer are different in Figures  1(A) and 2(B) . The difference might be due to the different CL recognition site of low-molecular-mass compounds (NAO) and high-molecular-mass protein (cyt. c).
The liberation of cyt. c from mitochondria is a prerequisite for the activation of caspase 9 that initiates the apoptotic protease cascade and the irreversible progress to apoptosis. The liberation of cyt. c is considered to be the furthest upstream step that triggers the apoptotic signal ; however, the initiator of the liberation of cyt. c remains to be identified. The generation of ROS has been implicated in apoptotic pathways triggered by various agents such as TNF-α [6] , ceramide [7] , glutamate [42] , amyloid β-peptide [11] , staurosporine [8] , alkaline conditions [43] and the withdrawal of growth factors [44] . Superoxide radicals are produced in the mitochondria of cells that are undergoing apoptosis in response to ceramide, TNF-α and peroxynitrite. Superoxide is rapidly reduced by SOD to H # O # . H # O # can generate the hydroxyl radical via the iron-catalysed HarberWeiss reaction :
Hydroxyl radicals cause the degradation of lipids, proteins and nucleic acids. These ROS probably participate in the induction of the apoptotic signal because the overexpression of Mn-SOD and of catalase, tagged with a mitochondrial sorting signal, suppresses apoptosis caused by antimycin and by H # O # respectively [45, 46] . However, previous studies have not defined the mechanism responsible for the induction of apoptosis by ROS. We therefore attempted to identify the final target of hydroperoxide that is relevant to the liberation of cyt. c from mitochondria. We reported recently that apoptosis can be blocked by inhibition of the generation of hydroperoxide in mitochondria by the overexpression of mitochondrial PHGPx [9] . It now seems likely that PHGPx might prevent the liberation of cyt. c by preventing the peroxidation of CL.
The present study indicates that the peroxidation of CL is an initial event in the release of cyt. c from mitochondria. Peroxidation of CL induced the release of cyt. c from mitochondrial inner membranes. However, the details of the way in which cyt. c is released from the outer mitochondrial membrane remain to be resolved. The release of cyt. c from mitochondria through permeability transition (PT) pores has been demonstrated with inhibitors of passage through such pores. PT pores consist of proteins from both the inner mitochondrial membrane [including the adenine nucleotide translocator (ANT)] and the outer membrane (including the voltage-dependent anion channel, VDAC) [47] . Bongkrekic acid, which maintains the m-state of ANT, suppresses the opening of PT pores, with inhibition of the release of cyt. c from mitochondria. In contrast, atractyloside, which changes ANT from the m-state to the c-state, can induce the opening of PT pores, with induction of the release of cyt. c [48, 49] (m-state and c-state are represented as two conformational states of loops of the dimer form of ANT as shown in Figure 10 of [48] ; m is the matrix side and c is the cytosolic side). The inhibition of the release of cyt. c from mitochondria to the cytosol on overexpression of PHGPx suggests that peroxidation of CL might be involved in the opening of channels, because CL is essential for the activity of ANT [50] . Mitochondrial PHGPx is located in the intermembrane space, in particular at contact sites in which the PT pore locates and the liberation of cyt. c. occurs [51] . Peroxidation of CL might induce a conformational change in ANT that opens the PT pores. Treatment of isolated mitochondria with t-BHP induces the release of cyt. c by the oxidation of thiol groups of proteins or lipids [52] . The release of cyt. c in response to t-BHP was suppressed in mitochondria isolated from PHGPx-overexpressing cells. These results suggest that mitochondrial PHGPx not only might suppress the dissociation of cyt. c from the inner membrane but also might prevent the opening of gates for the release of cyt. c, such as PT pores, by suppressing this oxidation of thiol groups.
The enzyme PHGPx is a unique intracellular antioxidant enzyme that directly reduces peroxidized lipids produced in cell membranes ; it is the only monomeric GPx of four known kinds of GPx isoenzyme. PHGPx exists in mitochondrial and nonmitochondrial forms [16, 17] . Non-mitochondrial PHGPx suppresses the effects of 5-lipoxygenase by reducing lipid hydroperoxides, and can potentially inhibit the production of leukotriene C % [19] . Mitochondrial PHGPx prevents necrotic cell death from chemical hypoxia [18] and apoptotic cell death from hypoglycaemia [9] . The present study has revealed a new role for mitochondrial PHGPx with respect to the control of an apoptotic signal. Our previous and present studies demonstrate that PHGPx not only acts to prevent oxidative stress but also modulates various biological signals.
